ABSTRACT. In chronic granulomatous disease (CGD) polymorphonuclear leukocytes (PMN) are unable to kill phagocytized catalase-positive bacteria. Therefore, patients with CGD are prone to infections and dependent on antimicrobial agents able to penetrate PMN membranes and to act intracellularly. Owing to their good lipid solubility, trimethoprim/sulfamethoxazole and rifampicin passively diffuse the membrane. In contrast, fosfomycin is transported actively into the cell. In normal PMN, it reaches cellular-to-extracellular ratios of 1.83 after 15 min, in CGD-PMN 2.18 after 30 min. At concentrations between 16 and 200 mg/liter, fosfomycin was able to kill staphylococci surviving within CGD-PMN, thus compensating for the bactericidal deficiency in CGD. A combination of low concentrations of fosfomycin (8 mglliter) plus rifampicin (0.06 mg/liter) was more effective at the intracellular level than either agent alone. Apart from a stimulation of PMN-chemiluminescence of yet unknown significance, the agent did not interfere with other neutrophil functions. Clinical investigations are indicated to study whether fosfomycin can be added to the small number of antibiotics useful in CGD. (Pediatr Res 19: 38-44,1985) Abbreviations C/E, cellular-to-extracellular concentration ratio C/E,,,, maximal C/E CFU, colony forming unit CGD, chronic granulomatous disease of childhood DOG, deoxyglucose DPM, disintegrations per minute HBSS, Hanks' balanced salt solution HBSS + serum, HBSS supplemented with 15% pooled normal human serum KCN, potassium cyanide OPZ, opsonized zymosan PMA, phorbol myristate acetate PMN, polymorphonuclear leukocytes RT, room temperature (20' C) TMPISMZ, trimethoprim/sulfamethoxazole ZAS, zymosan-activated serum
Common to the nine different types of CGD described to date (20) is a defect of the NADPH-oxidase system located in the PMN membrane. Production of hydrogen peroxide (H202) during phagocytosis is lacking. Consequently, the patients are prone to infections by catalase-positive bacteria (e.g. staphylococci, Escherichia coli, klebsiella, serratia) and fungi (mainly Aspergillus spp.). Initially, recurrent, purulent infections are located on skin and mucous membranes. Later, phagocytized, but still viable bacteria may spread within the PMN throughout the body, causing osteomyelitis and liver and lung abscesses (20) .
For prevention and treatment of infections in CGD, antibiotics capable of penetrating PMN membranes, accumulating intracellularly, and revealing bactericidal activity within the phagocytic vacuoles are required. Host defense should not be adversely affected by such drugs (27, 29) . These stringent requirements are met by only a small number of antimicrobial agents. TMP/SMZ is now generally accepted as the drug of choice for continuous antibacterial prophylaxis in these patients (20, 26) . Rifampicin is mainly administered in cases of intercurrent staphylococcal infections (4, 2 1). The need for additional antibiotics applicable in CGD is evident, especially in cases of severe infections by bacteria resistant to TMP/SMZ or in cases of allergic reactions toward this agent.
Fosfomycin was identified in the culture filtrates of several streptomyces species (28) . It has a low molecular weight of 138.06 daltons and is structurally unrelated to any other known antibiotic substance, exhibiting an unusual direct linkage between carbon and phosphate. Bactericidal activity is exerted through inhibition of the enzyme important for the first step in bacterial cell wall synthesis (N-acetylglucosamino-3-o-enol-pyruvyl-transferase) (12) . Fosfomycin is taken up into bacteria by two active transport systems (12) . Its antibacterial activity in vitro (5, 9) includes organisms important in CGD (20) . Rate and severity of side-effects are reported to be low (8, 9, 13, 28) .
Because of these favorable characteristics, we investigated whether fosfomycin fulfills the in vitro requirements for an antibiotic useful in therapy of chronic intracellular infections. Due to their unique metabolic anomaly, CGD-PMNs represent an excellent model for the study of the intracellular bactericidal activity of antibiotics.
MATERIALS AND METHODS

Isolation of PMN.
Heparinized blood, 40-120 ml, was taken from 20 healthy volunteers (male and female, aged 20-45 yr) and 10 CGD-patients (male, aged 3-22 yr) with informed consent. Antibiotics were discontinued at least 24 h before sampling.
Neutrophil granulocytes were isolated after dextran sedimentation and Ficoll-Hypaque gradient centrifugation as previously described (3) . Viability of the cells was determined using the Trypan blue dye exclusion test. Intracellular uptake of antibiotics. Uptake of antibiotics into PMN from healthy blood donors and CGD patients was measured as described before (1 l, 14, 2 l), but with several minor modifications. 2.2 ml of a PMN-suspension (3 x lo7 PMN/ml HBSS) were preincubated in a water bath at 37" C for 10 min.
The following radiolabeled antibiotics were tested: either 3H-fosfomycin (disodium-L-cis-I,2-epoxy- The antibiotics were added at the following final concentrations: fosfomycin 1, rifampicin 2, trimethoprim 10, sulfamethoxazole 4.5, penicillin 35 pg/ml HBSS. The PMNIbuffer coefficients were determined 30, (75), 90 s and 3, 5, 10, (15), 20, and 30 min after the addition of antibiotics. Three-hundred-pl aliquots (1 x lo7 PMN) were centrifuged across a gradient of silicone oil into a layer of sucrose at the bottom of the centrifugation tube. The cells containing the intracellular antibiotic activity formed a pellet. The extracellular antibiotic activity, which did not permeate the water-impermeable silicone, was found in the supernatant above the silicone layer. After treatment with 1 ml of tissue solubilizer (Soluene 100, Packard, Downers Grove, IL) and subsequent addition of 10 ml scintillation fluid (Econofluor, NEN, Dreieich, FRG), 200-p1 aliquots of supernatant and the pellet were separately counted in a @-counter (Kontron Liquid Scintillation System MR 300, Kontron AG, Birsfelden, Switzerland).
We tested the inhibitory effect of the following substances on the uptake of fosfomycin and rifampicin: iodacetamide (0.1 and 5 mM, Fluka, Buchs, Switzerland), DOG (1 mM, Sigma, St. Louis, MO), KCN (10 mM, Merck, Darmstadt, FRG) and snglycero-3-phosphate (5 pM, Fluka). PMN were preincubated at 37" C for 10 min in HBSS with the inhibitors. The subsequent test procedure was the same as described above.
Total and extracellular water spaces in the PMN-sediment were measured with labeled water (3H20, specific activity: 0.25 pCi/mg, NEN) and inulin (carboxy-[14C]inulin, 2.5 pCi/mg, NEN). The procedure differed from antibiotic uptake in that aliquots were'taken 5 resp. 10 min after addition of 3H20 and ['4C]inulin and the centrifuge tubes did not contain sucrose, which would have interfered with H 2 0 within the cells to be measured (14) . Calculations were as follows (20) : Total (V,), extracellular (V,), and intracellular (V,) water spaces of cell pellet:
Total (AB,), extracellular (AB,) and intracellular (ABi) activity of radiolabeled antibiotics in cell pellet:
Extracellular (E) and intracellular (C) concentration of antibiotics in cell pellet:
C/E = intracellular accumulation of antibiotics in PMN.
Killing of Staphylococcus aureus by PMN.
Bacterial killing by PMN was tested according to a previously described method (2 I), but with certain modifications. S. aureus WOOD 46 showed minimal inhibitory concentrations (minimal bactericidal concentrations) of 0.03 (2.0) mg/liter for fosfomycin, 0.0005 (0.0008) mg/liter for rifampicin, 0.002 (0.008) mg/liter for penicillin G, 1.0 (2.0) mg/liter for trimethoprim, and 128 (>256) mg/liter for sulfamethoxazole. In vitro studies of a combination of fosfomycin and rifampicin at various concentrations revealed no synergism or antagonism against extracellular bacteria.
For our experiments, bacteria were subcultured in tryptonewater broth overnight. The bacterial suspension was washed twice in 0.9% NaCl and resuspended in HBSS + serum. After adjustment of optical density, the staphylococci (5 x 10' CFU/ml) were opsonized in HBSS + serum for 10 min at 37" C. Bacterial density was checked by plate colony counts.
After opsonization, 200 p1 of the bacterial suspension were added to a 20-ml suspension of PMN in HBSS + serum (1 x lo7 PMN/ml). Final count was adjusted to 5 x lo6 CFU/ml in order to establish a bacteria/PMN ratio of 1:2. After incubation for 30 min at 37" C with constant rotation, the PMN suspension was carefully washed 3 times in cold NaCl (0.9%) in order to eliminate extracellular bacteria. Control experiments performed with Lysostaphin (10 mglliter final concentration, Sigma) did not result in further reduction of extracellular bacteria.
PMN were resuspended in HBSS + serum and antibiotics were added at the following concentrations: fosfomycin (Boehringer) = 8, 16, 100, 150, 200 mgjliter, rifampicin (Ciba Geigy) = 0.06, 1.25 mg/liter, fosfomycin (8 mg/liter) plus rifampicin (0.06 mg/ liter) simultaneously, penicillin G (Sigma) = 100 mglliter. The antibiotic/PMN-suspension was incubated at 37" C and slowly rotated. At the beginning (0 min) and after 60, 120, and 180 min (occasionally at 240 min), I-ml aliquots of the suspension were taken, washed with HBSS, resuspended, and lysed in H 2 0 for 15 min at RT. Smears of the suspensions were performed and analyzed with a phase-contrast microscope to assure that all PMN were destroyed by this procedure. Then the samples were diluted lo-, loo-, 1000-, and 10,000-fold in HBSS and plated onto Miiller-Hinton agar. CFUs were counted after incubation for 48 h at 37" C.
Controls were as follows: PMN from healthy blood donors instead of CGD-PMN (with and without antibiotics), CGD-PMN and bacteria (without antibiotics), and extracellular bacteria alone (with and without antibiotics).
Influence of fosfomycin on normal PMN function. PMN from healthy blood donors were suspended in HBSS containing fosfomycin at different concentrations (50, 100,200,400, 1000 mg/ liter) and compared to controls without fosfomycin. The following tests were performed in order to assess alterations of normal granulocyte functions by fosfomycin.
Phagocytosis assay. Phagocytosis of yeast cells by PMN was tested as described previously (22) with several modifications. In brief, yeast cells (2.5 x 108/ml) were exposed to PMN (5 x lo6/ ml) in the presence of fresh human serum for 30 min. After centrifugation, the pellet was thoroughly washed. The number of ingested yeast particles per 100 PMN was counted after counterstain of extracellular yeast cells with Ziehl-Fuchsin stain.
Chemotaxis-assay. Chemotactic activity of PMN was evaluated according to the "migration-under-agarose" method reported by Nelson et al. (16) . ZAS was used as a chemotactic factor. Results were expressed as the difference between activated (A) and spontaneous (B) migration of PMN, measured in pm.
Chemiluminescence assay. Chemiluminescence of stimulated PMN was tested as previously described (I). Emission of light impulses by PMN in the presence of luminol (Sigma) was registered with a photometer (Luminometer 1251, LKB Wallac, Turku, Finland) and recorded graphically. PMN were stimulated with PMA and OPZ, respectively. Control experiments were performed with fosfomycin at the same concentrations as mentioned above, but without PMN. Results were expressed in mV/ min/ 1 O6 PMN.
Oxygen consumption assay. Consumption of oxygen by stimulated PMN was tested with an oxygraph (no. 516, Gilson Medical Electronics, Middleton, WI) according to a method previously described (19) . Again, PMN were stimulated with either PMA or OPZ. Results were expressed in nmol Oz/min/5 x lo6 PMN.
Statistical analysis. Statistical anaysis was performed using the Student's t test.
RESULTS
Uptake of PHnsfomycin into normal PMN.
Fosfomycin was slowly accumulated within the PMN and reached its maximal intracellular concentration after 15 min (Fig. 1A) . The C/E ratio was 1.83 at that time. After another 15 min, the C/E ratio was 1.63. In comparison, ['4C]penicillin (Fig. 1A) was not accumulated within the PMN (C/E < 1). The influx of rifampicin was faster and reached significantly higher accumulation rates than that of fosfomycin (C/Ema, = 9.8 after 20 min). The corresponding values for TMP and SMZ were situated between those for fosfomycin and rifampicin, both in respect to amount and kinetics of intracellular uptake (C/Ema, = 2.26 and 3.56, respectively, at 10 min).
Uptake of~Hlfosfomycin into CGD-PMN. CGD patients were equally capable to accumulate fosfomycin inside their PMN (Fig.  1B) . The C/E ratio increased slowly and continuously over a period of 30 min and the C/E,,, of 2.18 was slightly higher than in normal PMN (1.83). However, a statisticallly significant difference between normal and CGD-PMN could only be observed at one point (3 min, p < 0.05). The rate of intracellular accumulation of TMP (C/Ema, = 3.15 after 5 min) was again intermediate between that of rifampicin (C/Em,, = 12.84 after 10 min) and fosfomycin, while penicillin was not accumulated within CGD-PMN (C/E,,, = 0.65 after 20 min) (Fig. 1 B) .
Inhibition of PHjfosfomycin uptake into normal PMN. Four metabolic inhibitors were examined for their ability to impede intracellular uptake of fosfomycin: sn-glycero-3-phosphate is transported mainly by the sn-glycero-3-phosphate-transport-system present in cell membranes. In bacteria, it was shown to competitively inhibit the transport of structural analogues such as fosfomycin (12) (Fig. 2) . Iodacetamide inactivates sulfhydryl groups, e.g. of transport enzymes. KCN is a potent inhibitor of the intramitochondrial ATP generation. DOG competitively inhibits glycolysis and ATP-dependent transport processes (1 1, 14) . Figure 2 demonstrates the effect of these agents on fosfomycin uptake into normal PMN. Intracellular accumulation was absent in all cases (with C/E I 0.8, p < 0.05, resp < 0.01) except iodacetamide, where inhibition was only seen at a concentration of 5.0 mM, with no effect at 0.1 mM. In contrast, the rapid uptake of rifampicin into PMN is not inhibited by any of these agents (data not shown, cf: Ref. 14) .
Killing of intracellular staphylococci in CGD-PMN by fosfomycin. CGD-PMN are unable to kill phagocytized bacteria adequately (17) . As shown in Figure 3A , the number of intracellularly surviving bacteria slowly increased during the 3 h incubation period, whereas normal PMN rapidly killed the phagocytized staphylococci. Fosfomycin significantly reduced the number of intracellular bacteria in CGD-PMN (Fig. 3, C-F) . At concentrations between 16 and 200 mg/liter, i.e. well within therapeutically achieved serum levels (8, 13) , this effect was not dose dependent.
Killing curves of CGD-PMN in the presence of fosfomycin resembled killing curves of normal PMN without antibiotics (Fig. 3A) . This effect could be observed at different concentra- Fig. 1 . A, means + SEM are given for rifampicin (3-12 single determinations in 12 healthy blood donors), trimethoprim (one to six determinations in six blood donors), and fosfomycin (five to 14 determinations in 14 blood donors). Mean values are given for sulfarnethoxazole (one to two determinations in two blood donors) and penicillin (2 determinations in two blood donors). B, means + SEM are given for rifampicin (three to five determinations in five CGD patients), trimethoprim (one to six determinations in six CGD), and fosfomycin (four to nine determinations in nine CGD). Penicillin was tested in a single patient. *denotes statistically significant differences (p < 0.05) for antibiotic uptake into normal versus CGD-PMN. tions of fosfomycin. In PMN from healthy donors no further enhancement of bactericidal activity by fosfomycin could be observed (data not shown). The same intracellular bactericidal activity was seen with rifampicin, whereas penicillin exhibited little and only retarded effect against the intracellular organisms (Fig. 3B) . After 3 h, about 60% of the ingested staphylococci were still alive despite bactericidal concentrations of penicillin in the extracellular medium, as compared with 1-7.5% in case of fosfomycin or rifampicin (Fig. 3 B-F) .
Both fosfomycin and rifampicin were still active against the intracellular staphylococci at low concentrations (8 and 0.06 pg/ ml, respectively) (Fig. 3G ), although to a somewhat smaller degree. If both antibiotics were combined at these concentrations, the extent of killing was significantly better than with fosfomycin alone, with a survival rate as low as 3.5% after 3 h (Fig. 3H) .
Influence of fosfomycin on normal PMN function. Results of functional assays are summarized in Table 1 . Between 50 and 1000 mg fosfomycin/liter (the latter concentration exceeding normal therapeutic plasma levels by far) (8, 13) , no consistent effect of fosfomycin on phagocytosis, chemotaxis, and oxygen consumption could be seen.
Chemiluminescence activity, however, was significantly stimulated in the presence of fosfomycin, reaching 201 resp 218% of normal (stimulus OPZ resp PMA) at 400 mg fosfomycin/liter. No such effect was observed in the absence of PMN at any concentration of fosfomycin.
The capacity of certain antibiotics to penetrate cell membranes represents an important prerequisite for their efficacy in vivo (10, 1 1, 15, 29) . After phagocytosis, bacteria may survive within the PMN (and other cells) and remain unaffected by antimicrobial agents unable to reach the intracellular space. This holds particularly true for P-lactam antibiotics and aminoglycosides (29) . Only if extracellular concentrations of these latter antibiotics are significantly increased, they are able to combat intracellular infections effectively (27) .
On the other hand, there are a number of antibiotics with known intracellular accumulation and efficacy against intracellular pathogens, whose clinical applicability might be limited by their adverse effects on important neutrophil functions. Tetracyclines, for instance, which are accumulated within the cells about 7-fold (6, 29) , inhibit chemotaxis as well as phagocytosis and oxidative metabolism of PMN (29) . Such inhibitory actions of antibiotics on host defense mechanisms might be critical in immunocompromised hosts.
Thus, in patients with impaired neutrophil functions, only a few antibiotics can be recommended. In CGD, defective bactericidal activity calls for continuous prophylaxis with an intracellularly active antibiotic (20, 2 1, 26). Since TMP/SMZ has been introduced into the management of CGD patients, the prognostic outcome of this disease has favorably improved (26) . TMP/SMZ has been shown to accumulate within PMN (6, 21) without affecting other cellular functions (2) . Rifampicin also proved to be effective in CGD (4, 20) . While these two antibiotics are able to permeate cell membranes due to their high lipid solubility (6, 1 1, 15,20) , fosfomycin is known to be hydrophilic and, therefore, passive transmembraneous diffusion is an unlikely explanation for its uptake. Kahan et al. (12) demonstrated the existence of two different active transport mechanisms for fosfomycin. The agent is accumulated by many (but not by all) bacteria via the sn-glycero-3-phosphate transport system. Under certain conditions, the glucose-6-phosphate system, which can be induced externally, may also be used for the transport of the substance.
In the present study we could show that fosfomycin is taken up by human PMN (Fig. 1) and that its accumulation is hindered by sn-glycero-3-phosphate as well as by agents interfering with energy-requiring processes (Fig. 2) . This strongly suggests the presence of a similar active transport mechanism for fosfomycin in human PMN as described for this drug in bacteria.
The relative amount of fosfomycin accumulated in PMN is significantly smaller than that of rifampicin (C/E,,,= 1.83 versu.r 9.8, in normal PMN). However, the degree of C/E ratios might be only of minor importance as long as the critical value of 1.0 is exceeded, where accumulation starts. Intracellular bacteria will be killed as soon as the antibiotic reaches a bactericidal concentration within the PMN.
In CGD-PMN, fosfomycin even exceeds the C/E ratio of 2. This phenomenon of increased uptake into CGD-PMN has also been observed with TMPISMZ and rifampicin (14, 21) (Fig. 3) . In the latter two instances, it might be attributed to a somewhat lower pH value found inside CGD-PMN. After intracellular accumulation due to its lipid solubility (20) , the weak base TMP is protonated within the PMN. This phenomenon is called "iontrapping" and prevents rediffusion. The model of partition along a pH gradient cannot be applied to fosfomycin, because its high polarity precludes passive diffusion. It is conceivable, however, that membrane transport activity (including the sn-glycero-3-phosphate transport) might be increased in CGD, a disease involving the outer cell membrane of PMN (2 1).
An antibiotic taken up intracellularly can only be useful clinically if it retains its bactericidal activity. Our data proved for the first time that fosfomycin is indeed able to compensate entirely for the lack of bactericidal capacity in CGD-PMN (Fig.  3) . Regardless of their higher C/E ratios, rifampicin and TMP/ SMZ do not lead to any further improvement in intracellular killing (Fig. 3B: rifampicin) (2 1) .
Administration of 25 resp 50 mg fosfomycin per kg body weight iv in infants suffering from gram-negative infections resulted in peak plasma levels (at 15 min) of 102 and 194 mg/ liter, respectively (7). At 2 h after dose (i.e. one serum half-life of the drug) (1 3), the corresponding values were 22 and 50 mg/ liter, respectively. Within this range of concentrations, no dose dependence was found for the intracellular bactericidal activity of fosfomycin within CGD-PMN (Fig. 3 C-F) .
The intracellular activity of fosfomycin has previously been described using normal PMN. Takashima et al. (23) reported 99% reduction of CFU (salmonella within leukocytes) in the presence of 25-100 mg/liter fosfomycin. Traub (24) demonstrated the intraphagocytic efficacy of this antibiotic (using phenylbutazone-treated leukocytes not separated from whole blood). At 32 mglliter, fosfomycin reduced about 89% of CFU (Serratia marcescens) and was comparable in its efficacy to rifampicin, whereas cephalosporines were ineffective.
Unlike many other broad spectrum antibiotics, fosfomycin did not impede neutrophil functions (Table 1) . On the contrary, we observed a stimulation of chemiluminescence by this agent. At high concentrations oxygen consumption was also increased. It would nevertheless be premature to hypothesize a stimulatory effect of fosfomycin on PMN activity, especially since diminution of chemiluminescence caused for instance by TMP (27) did not result in inhibition of neutrophil function. Further investigations are underway to analyze this phenomenon and its significance in CGD-PMN.
Fosfomycin has both the bacteriological and pharmacological characteristics necessary for an antibiotic effective in CGD. It reveals broad antibacterial activity against bacteria isolated in this disease (2 1): gram-positive such as staphylococci, and gramnegative such as Escherichia coli, enterobacter, citrobacter, Proteus mirabilis, vulgaris, and rettgeri, S. marcescens, salmonella, and in part klebsiella and pseudomonas (5, 8, 28) . Due to its small molecular weight, diffusion into all organic fluids and tissues is easily achieved, including meninges, lung tissue, and bones (9, 13, 28) . Its applicability and efficacy in osteomyelitis and respiratory tract infections are well documented. Chronic pulmonary infections and osteomyelitis are frequent problems in CGD patients (29) and in other immunocompromised patients.
However, it must be born in mind that fosfomycin rapidly induces resistance if given as monotherapy over a longer period (7, 18, 28) . A combination with rifampicin could diminish this risk and therefore be of value in the treatment of severe infections, especially in CGD patients, where short-term treatment rarely is effective. Previous in vitro studies have demonstrated synergism between fosfomycin and rifampicin as well as between fosfomycin and other antibiotics (9, 18) . At the extracellular level, we could not confirm these observations. At the intracellular level, however, a combination of fosfomycin plus rifampicin (Fig. 3H ) was more active than each antibiotic alone. This intracellular synergism between fosfomycin and rifampicin is yet to be confirmed by additional experiments.
Clinical studies are indicated to investigate the efficacy of fosfomycin alone and in combination with rifampicin for therapy of chronic intracellular infections and especially for serious infections in CGD vatients.
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